TGF-β is a pleiotropic cytokine with multiple roles in immunity. Apart from its suppressive activity, TGF-β is a driving cytokine in the differentiation of induced regulatory T cells (iTreg) but also in the polarization of interleukin-9 (IL-9) producing T helper 9 (Th9) T cells. Human Vδ2 expressing γδ T cells exert potent cytotoxicity towards a variety of solid tumor and leukemia/lymphoma target cells and thus are in the focus of current strategies to develop cell-based immunotherapies. Here we report that TGF-β unexpectedly augments the cytotoxic effector activity of short-term expanded Vδ2 T cells when purified γδ T cells are activated with specific pyrophosphate antigens and IL-2 or IL-15 in the presence of TGF-β. TGF-β up-regulates the expression of CD54, CD103, interferon-γ, IL-9 and granzyme B in γδ T cells while CD56 and CD11a/CD18 are down-regulated. Moreover, we show that CD103 (αE/β7 integrin) is recruited to the immunological synapse in γδ T cells. Increased cytotoxic activity of TGF-β-exposed γδ T cells is reduced by anti-CD103 and further diminished upon additional anti-CD11a antibody treatment, pointing to a role of cellular adhesion in the enhanced cytolytic activity. Furthermore, magnetically sorted CD103-positive Vδ2 T cells exhibit superior cytolytic activity. In view of the importance of CD103 for tissue homing of lymphocytes, our results suggest that adoptive transfer of CD103-expressing Vδ2 T cells might favor their homing to solid tumors.
Introduction
γδ T cells are a minor subgroup of T cells in the peripheral blood but occur at increased frequencies in mucosal tissue. The major population of γδ T cells in the peripheral blood of healthy adults expresses a Vγ9Vδ2 T-cell receptor (hereafter termed Vδ2 T cells). Vδ2 T cells recognize via their T-cell receptor in a butyrophilin 3A (BTN3A)-dependent manner pyrophosphates of microbial origin or produced by tumor cells due to a frequently dysregulated mevalonate pathway. 1 Vδ2 T cells recognize and kill many different tumors and therefore have been considered for cancer immunotherapy, albeit so far with limited success. 2 Due to their HLA-independent antigen recognition, adoptive transfer of γδ T cells from healthy donors into cancer patients can be considered with minimal risk for graft-versus-host disease. γδ T cells are present among tumor infiltrating T cells in various human cancers including pancreatic cancer, 3, 4 where they can constitute up to~40% of the T cells. 5 Multiple other studies also identified γδ T cells as part of the tumor infiltrating lymphocytes (TIL), albeit with different prognostic implications. Whereas γδ T-cell frequencies among the TIL positively correlated with a more favorable prognosis in melanoma, a negative correlation was found in breast-and colo-rectal cancer. 6 However, in a recent transcriptome study performed in a colorectal cancer cohort, the γδ T-cell abundance correlated positively with disease free survival 7 , and in a recent meta-analysis of 39 cancer types the abundance of intra-tumoral γδ T cells was identified as the most important prognostic factor associated with a positive outcome. 8 A major issue of immunotherapy by adoptive transfer of T cells is how to bring the effector cells into proximity of the targeted tumor cells. The recruitment of lymphocytes into tissues is orchestrated by chemo-attractants and adhesion molecules. LFA-1 (Integrin αL/β2; CD11a/CD18) is the best-characterized molecule of the integrin family and is essential for lymphocyte homing to lymphoid and non-lymphoid tissues as well as for the formation and maintenance of the immunological and cytolytic synapse.- 9 The integrin αE (CD103)/β7, which interacts with the epithelial cell marker E-cadherin, is known to be important for the retention of lymphocytes within epithelial tissues, 10 but is only expressed on about 2% of the peripheral blood mononuclear cells (PBMC) of healthy individuals. 11 Moreover, αE (CD103)/β7 activity is important for the acquisition of a dendritic phenotype and the motility of intraepithelial T cells. 12 Vδ2 T cells display a high functional plasticity. Similar to αβ T cells, Vδ2 T cells can be differentiated into various subsets depending on the local cytokine milieu. 13 In this regard, TGF-β has been shown to be required for human Vδ2 T cells to acquire a regulatory or IL-17-producing phenotype. [14] [15] [16] In addition, we recently reported that Vδ2 T cells expanded in the presence of TGF-β and IL-15 differentiate into Th9-like cells with strong IL-9-production. 17 This pathway of Vδ2 T-cell differentiation is of particular interest for cancer immunotherapy, since it has been reported that IL-9-producing T cells can promote anti-tumor immunity against solid tumors, either by direct cytotoxicity or by indirect mechanisms. 18, 19 In this study, we observed that TGF-βexpanded Vδ2 T cells not only produce high amounts of IL-9 and up-regulate specific adhesion molecules like CD103, but also show a remarkably increased cytotoxic activity. These properties make ex vivo TGF-β-expanded CD103 + Vδ2 T cells a promising tool for adoptive transfer to treat aggressive cancer diseases with poor prognosis such as pancreatic ductal adenocarcinoma (PDAC).
Material & methods

Cell culture
This study was approved by the Institutional Review Board of the Medical Faculty of the University of Kiel (D404/14 and D405/10). PBMC were separated by Ficoll-Hypaque density gradient centrifugation from leukocyte concentrates obtained from healthy adult blood donors (provided by the Institute of Transfusion Medicine, UKSH). Total γδ T cells (typically comprising 70 to > 95% Vδ2 and < 5 to 25% Vδ1 T cells) were positively isolated by magnetic sorting (anti-TCRγ/δ MicroBead kit; Miltenyi Biotec, Bergisch-Gladbach, Germany). Optimized separation conditions (i.e., usage of two consecutive MACS columns) resulted in a γδ T-cell purity of > 98%. Purified T cells were cultured for 22 h at 37°C prior to activation. Cell culture was performed in serum-free X-VIVO 15 medium (Lonza, Cologne, Germany) at 37°C in a humidified atmosphere of 5% CO 2 . 35 × 10 3 γδ T cells were stimulated with 300 nmol/L bromohydrin pyrophosphate (BrHPP; kindly provided by Innate Pharma, Marseille, France) in 96-well round-bottom plates in the presence of 50 × 10 3 irradiated (40 Gray) PBMC. Cell cultures were supplemented with IL-2 (50 IU/mL; Novartis, Basel, Switzerland) or IL-15 (10 ng/mL; R&D Systems/Bio-Techne, Minneapolis, USA) which were combined with TGF-β1 (1.7 ng/mL; R&D Systems/Bio-Techne) and 10 IU/mL IL-2 (IL-2 low) as indicated. In some experiments, the activin receptor-like kinases (ALK)-inhibitor SB431542 (Sigma-Aldrich/Merk, Darmstadt, Germany) was added to the cell culture. The cytokines and SB431542 were also added on day 4 and 12; on day 8 the cells were transferred into fresh medium supplemented with the respective substances and seeded in 24-well plates. For cell sorting according to CD103 surface expression, Vδ2 [IL-15 + TGF-β] T cells were labeled using anti-CD103-PE (clone: Ber-ACT8, BD Biosciences) after 12 days of expansion. Subsequent to the incubation with anti-PE MicroBeads (Miltenyi Biotec) Vδ2 T cells were separated into CD103-positive and -negative fractions by magnetic cell sorting. Optimized separation conditions (i.e., usage of two consecutive MACS columns) resulted in a purity of > 98% for both populations. The CD103 sorted populations were cultured in the presence of IL-15 and TGF-β for three more days to allow the anti-CD103 labeling to wear off before using the cells in functional assays.
After 15 days of expansion, the purity of the expanded Vδ2 T cells was > 98%. For activation and expansion of Vδ2 T cells within the PBMC, zoledronic acid (Novartis) was added at 2.5 µM together with 50 IU IL-2, which was replenished every 2 days. After 15 days of expansion the purity of the expanded Vδ2 T cells was > 92%. Tumor cell lines generated from PDAC (Colo357, MiaPaCa2, Panc1 and Panc89) were kindly provided by the Institute of Experimental Tumor Research, UKSH, Kiel, Germany. The mammary gland adenocarcinoma cell line (MCF7) was purchased from ATCC. The identity of the tumor cell lines was validated by Short Tandem Repeat analysis. Tumor cells were cultured in RPMI with 10% fetal calf serum and antibiotics. To detach adherent tumor cells lines 0.05% trypsin and 0.2% EDTA were used.
Assessment of the cytotoxic activity
Co-cultures of Vδ2 T-cell lines with tumor cells were performed in the presence of IL-2 (10 IU/mL) and absence or presence of BrHPP (300 nmol/L). In some experiments, Vδ2 T cells were incubated with the following monoclonal antibodies (mAb): IgG2b (clone: 20116, R&D Systems/Bio-Techne) and anti-CD103 (clone: 2G5, Beckman Coulter) at 50 µg/mL for 30 min before the co-culture was initiated. IgG1 (clone: 11711.11), IgG2 (clone: MG2b-57), anti-IL-9 (clone: MH9D1) and anti-IFN-γ (clone: B27; all from Biolegend), as well as anti-CD11a (clone: HI111, BD Biosciences) and anti-CD103 (clone: 2G5) were added to the Vδ2 T-cell culture medium at a final concentration of 5 µg/mL 1 h before the co-culture was initiated and remained present throughout the course of the experiment. The cytotoxic activity was measured by the Real Time Cell Analyzer (RTCA) single-plate system (ACEA, San Diego, USA), which allows for time-resolved analysis. 20 In brief, 15 × 10 3 (MCF7 cells), 7.5 × 10 3 (MiaPaCa2 cells), 7.5 × 10 3 (Panc1 cells) or 6.5 × 10 3 (Panc89 cells, Colo357 cells) adherent tumor cells were seeded in 96-well E-plates with electronic sensors (ACEA) on the bottom of each well. Changes of the impedance were measured by the RTCA system in arbitrary units termed cell index. The cell index was measured in 5 min steps until the addition of the effector cells, which were added in the linear growth phase of the tumor cells about 24 h after the start of the assay. After the addition of the Vδ2 T cells to the tumor cells, at the indicated effector/target (E/T) ratios, the impedance was normalized within all wells. Further on, the cell index was measured every 3 min. The target cell lysis, which correlates with the loss of impedance, was calculated as percentage of the maximum lysis (MaxLys) and the corresponding control of untreated tumor cells (Untr) at the respective time point using the formula 100 -[(X -MaxLys)/ (Untr -MaxLys)]/100. Maximal lysis was achieved by addition of 1% Triton X-100 (Sigma). The cell index was analyzed using the RTCA data analysis software 1.0 (ACEA).
The mobilization of CD107a to the surface as a marker for degranulation was detected by flow cytometry. 62.5 × 10 3 effector cells were cultured alone or together with 5 × 10 3 tumor cells for 4 h at a E/T of 12.5:1 in the presence of anti-CD107a mAb (clone: H4A3; BD Biosciences) and monensin (3 µM; added after 1 h). Subsequently, CD107a was quantified on Vδ2 T cells (labeled by specific antibody) by flow cytometry.
Flow cytometry
For cell surface staining, the following mAb were used: anti-CCR4 (clone: 1G1), anti-CCR10 (clone: 1B5), anti-CD11a (clone: HI111), anti-CD18 (clone: 6.7), anti-CD27 (clone: M-T271), anti-CD45RA (clone: HI100), anti-CD103 (clone: Ber-ACT8), anti-Vδ2 (clone: B6; all from BD Biosciences), anti-CD54 (clone: 84H10, Beckman Coulter), anti-CCR6 (clone: G034E3), anti-CCR7 (clone: G043H7), anti-CXCR3 (clone: G025H7), anti-CXCR4 (clone: 12G5), anti-CD56 (clone: CMSSB, eBioscience), anti-CD106 (clone: STA) and anti-E-Cadherin (67A4; all from Biolegend), as well as anti-CCR2 (clone: 48607,221) and anti-CCR9 (clone: 112509, both from R&D Systems/Bio-Techne). For the surface labeling of adherent tumor cells, the cells were detached by accutase. For intracellular staining the following mAb were used: anti-granzyme A (clone: CB9), anti-granzyme B (clone: GB11), anti-IFN-γ (clone: 4S.B3), anti-IL-9 (clone: MH9A3), anti-TNF-α (clone: 359-81-11), anti-perforin (clone: dG9), IgG1 (clone: MOPC-21) and IgG2b (clone: [27] [28] [29] [30] [31] [32] [33] [34] [35] isotype controls (all from BD Biosciences). For intracellular staining, cells were stimulated for 6 h with 10 ng/mL 12-O-tetradecanoylphorbol-13-acetate (TPA; Sigma Aldrich, Missouri, USA) and 1 µg/mL ionomycin (EMD Millipore/Calbiochem, Darmstadt, Germany) as indicated; 3 µM monensin (EMD Millipore/ Calbiochem) was added 4 h before fixation in each case. Subsequently, cells were fixed and permeabilized using the Cytofix/Cytoperm TM /Permwash-Kit (BD Biosciences).
The detachment assay was performed according to Netter et al. 21 In brief, Vδ2 T cells and Panc89 cells were labeled according to the manufacturer's protocol using the PKH26 Red and PKH67 Green Fluorescent Cell Linker Kit for general cell membrane labeling (Sigma-Aldrich). 0.5 × 10 6 Vδ2 T cells were then co-cultured with 0.25 × 10 6 Panc89 cells in 500 µL cell culture medium at 37°C for 45 min. Subsequently, cell suspensions were diluted 1:10 with cell culture medium, distributed to five aliquots and further incubated at 37°C on a MACSmix rotator (Miltenyi Biotec) at 20 rpm. To quantify the detachment, the conjugates were fixed after 0 -100 min by addition of 1/3 volume of 4% PFA. Conjugates were determined as double positive events by flow cytometry.
All samples were analyzed on a FACS-Fortessa flow cytometer (BD Biosciences) using BD FACSDiva TM Software v.8. For further analysis the FlowJo software v.10 was used. Z-normalization within experiments was performed using the formula Xmean value (experiment)/standard deviation (experiment).
For ImageStream flow cytometry analysis 0.25 × 10 6 tumor cells and 0.5 × 10 6 Vδ2 T cells were co-cultured in 24-well flat bottom plates for 45 min at 37°C and were fixed by direct addition of paraformaldehyde to a final concentration of 1%. The antibody labeling was performed after permeabilization with Perm/Wash (BD Biosciences) using specific mAb for CD3 (clone: UCHT1), E-Cadherin (clone: 67A4; all from Biolegend), CD103 (clone: Ber-ACT8, BD Biosciences) and phalloidin (Santa Cruz). Samples were measured on an ImageStream X Mark II (Merck) one camera system with 351, 488, 562, 658 and 732 nm lasers. The system was calibrated using SpeedBeads (Merck) prior to use and at least 40.000 events with an area > 10 µm 2 based on brightfield images per sample were acquired. Moreover, 1000 events of single stained compensation control samples gated on appropriate signal size were acquired with the bright field channel and the 732 nm laser turned off. Images were acquired at 60 X magnification. The integrated software INSPIRE (version 200.1.388.0, Merck) was used for data collection as raw image files. Raw image files of respective stainings were merged. Single color controls were used to calculate a spectral crosstalk matrix that was applied to each raw image file for spectral compensations in the detection channels. Analysis was performed on the compensated image files using IDEAS (version 6.2.64.0, Merck) image analysis software.
The bright field gradient root mean square (RMS) feature was used to gate on cells that were in focus. Bright field area vs. aspect ratio features were plotted and used to discriminate single cells and cell conjugates. To identify monovalent T cell/target cell conjugates we gated on cell conjugates based on their area and aspect ratio in bright field images. To refine this further, we then gated on CD3 and E-Cadherin double-positive cells. Subsequently, we determined the signal size of the CD3 and the E-Cadherin staining by plotting the area vs. aspect area of the respective channels to gate on double-positive conjugates that contain a single CD3 + and a single E-Cadherin + cell and thus correspond to monovalent T cell/target cell conjugates. Unconjugated T cells correspond to CD3 + single cells, while total T cells resembles CD3 + cells from both the single and the conjugate gate based on brightfield images.
Measurement of cytokine secretion
Cell culture supernatants were collected at indicated time points, and up to 15 analytes (IL-1α, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, IL-17, IL-22, IL-27, CXCL-13, CCL22, IFN-γ, TNF-α and LIF) were measured using a Magnetic Luminex Screening Assay (R&D Systems/Bio-Techne) on a Luminex LX100 system (Luminex, Austin, USA). Data acquired using the Luminex xPonent 2.3/3.1 firmware (software), represents the median fluorescence intensity of the respective analyte. For each standard curve a curve fit was applied according to the manufacturer's manual. The sample concentrations were interpolated from the resulting regression equation. Each value was measured in experimental duplicates. In addition, IFN-γ and granzyme B were detected in supernatants by ELISA (Duoset; R&D Systems/Bio-Techne).
Statistical analysis
For statistical analysis Microsoft Excel 2007 was used.
Results
Vδ2 T cells expanded in the presence of TGF-β exhibit strong cytotoxic activity against tumor cells
To analyze the influence of TGF-β on the cytotoxic potential, purified Vδ2 T cells were selectively activated by the synthetic phosphoantigen BrHPP and expanded for 15 days in the presence of IL-2 or IL-15 with or without additional TGF-β. These expanded Vδ2 T cells were co-cultured with different tumor cell lines in the absence or presence of BrHPP. For the quantification of cytotoxic activity the RTCA method was used.
Quite strikingly, Vδ2 T cells expanded in the presence of TGFβ (i.e. Vδ2 [IL-2 + TGF-β] and Vδ2 [IL-15 + TGF-β]) had a much higher cytotoxic activity against Panc89 cells compared to control Vδ2 T cells (i.e. Vδ2 [IL-2] and Vδ2 ) in the absence of BrHPP-restimulation. This was highly significant for high effector/target ratios (25:1; 12.5:1) irrespective of the cytokine used to expand γδ T cells (IL-2 or IL-15) ( Figure 1A , B; Supp. Figure 1 ). In the additional presence of BrHPP, the cytotoxic activity of the Vδ2 T cells against co-cultured Panc89 cells was generally increased. However, TGF-β-expanded Vδ2 T-cell lines again displayed stronger cytotoxic activity, which was most pronounced in Vδ2 [IL-2 + TGF-β] T cells ( Figure 1A , B; Supp. Figure 1 ). An enhanced cytotoxic activity of TGF-β-expanded Vδ2 T-cell lines was also observed against other tumor cell lines, generated from PDAC (Colo357, MiaPaCa2 and Panc1) or mammary gland adenocarcinoma (MCF-7) (Supp. Figure 2 ). To confirm that TGF-β was responsible for the differentiation of Vδ2 T cells towards enhanced cytotoxic potential, TGF-β-dependent SMAD2/3-phosphorylation and thus subsequent signalling was blocked by the ALK-inhibitor SB431542. The Vδ2 T-cell lines generated in the presence of 5 µM SB431542 displayed a significantly decreased cytotoxicity in the absence of BrHPP, whereas cytotoxicity was similar to the control Vδ2 T-cell lines after BrHPP-restimulation ( Figure 1C ).
To determine if the enhanced cytotoxic activity of TGF-βexpanded Vδ2 T cells (as observed by RTCA) correlated with enhanced degranulation, the mobilization of CD107a to the cell surface was analyzed. In the absence of BrHPP-restimulation degranulation was more pronounced in TGF-β-expanded (Figure 2A, B ). BrHPP-restimulation increased the CD107a surface mobilization in all Vδ2 T-cell lines. In contrast to the enhanced degranulation observed in the absence of restimulation, TGF-β-expanded Vδ2 T-cell lines displayed less degranulation upon BrHPP-restimulation compared to the controls ( Figure 2) .
The cytokine profile of the differentially expanded Vδ2 Tcell lines was analyzed four days after initial stimulation by a bead-based multiplex assay. In the IL-2 and IL-15-expanded Vδ2 T-cell lines IFN-γ and TNF-α were the most abundant cytokines followed by IL-5 and IL-13. In the Vδ2 T-cell lines expanded in the additional presence of TGF-β these cytokines were detected in lower amounts ( Figure 3A) . To correlate the enhanced cytotoxic activity in TGF-β-expanded Vδ2 T-cell lines with other functional parameters, we analyzed the production of mediators implicated in cytotoxic effector activity ( Figure 3B ). Following 6 h of TPA/ionomycin stimulation, we found that IL-9 was specifically induced (accompanied by a significant increase of IFN-γ) only in TGF-β-expanded Vδ2 T-cell lines. Granzyme B was only increased in Vδ2 [IL-2 + TGF-β] T-cell lines, whereas granzyme A was clearly decreased in a TGF-β-dependent manner. The production of perforin and TNF-α was not significantly affected by expansion in the presence of TGF-β ( Figure 3B ). Since the enhanced cytotoxic activity of TGF-β-expanded Vδ2 T cells correlated with an enhanced production of IFN-γ and IL-9, we used blocking mAb to analyse the functional relevance of these mediators. The blockade of IL-9 had no effect, whereas the blockade of IFN-γ resulted in a significantly reduced cytotoxicity after 4 h of co-culture ( Figure 3C ). Detection of IFN-γ, granzyme B and soluble FasL by ELISA in the supernatants of BrHPP-restimulated Vδ2 T-cell lines co-cultured for three days with different tumor cell lines (Panc89, MiaPaCa2, MCF7, Panc1) also suggested an elevated production of these mediators by TGF-β-expanded Vδ2 T cells (Supp. Figure 3A) , which correlated with a stronger proliferation of these Vδ2 T cells during the co-culture (Supp. Figure 3B) .
The enhanced cytotoxicity of TGF-β-expanded Vδ2 T cells results from a modulated surface expression of adhesion molecules
Despite the enhanced cytotoxic activity, cell surface molecules known to be connected to γδ T cell mediated cytotoxic effector functions such as Natural Killer Group 2 (NKG2) D receptor and killer cell lectin like receptor G1 (KLRG1) were down-modulated in the presence of TGF-β (i.e. Vδ2 [IL-2 + TGF-β], Vδ2 [IL-15 + TGF-β]), while the inhibitory receptor NKG2A was up-regulated (Supp. Figure 4A, B) . Furthermore, TGF-β-expanded Vδ2 T-cell lines displayed less CD107a surface mobilization upon BrHPP-restimulation, even though the anti-tumor cytotoxicity at least partially depended on IFN-γ secretion. We concluded that the enhanced cytotoxic activity might result from an intensified effector-/tumor cell interaction. Along this line, we found an altered chemokine receptor profile on TGF-β-expanded Vδ2 T cells, including the up-regulation of C-C Motif Chemokine Receptor (CCR) 4, CCR7, C-X-C Motif Chemokine Receptor (CXCR)3 and CXCR4 and down-modulation of CCR6 and CCR10 (Supp. Figure 4C, D) . We furthermore analyzed the expression of important adhesion molecules on the Vδ2 T-cell lines ( Figure 4A ). Comparing IL-2 and IL-15-expanded Vδ2 T cells the most striking difference was a stronger expression of CD56 (NCAM) on IL-15expanded Vδ2 T cells. The expression of the adhesion molecules CD54 (ICAM-1) and CD106 (VCAM-1) was enhanced in TGF-β-expanded Vδ2 T-cell lines, while the expression of CD56 was reduced. Among the analyzed integrins, CD103 was strongly induced, whereas LFA-1 (CD11a/CD18) surface expression was reduced (although still clearly expressed on all cells) in a TGF-β-dependent manner ( Figure 4A ). CD56 was reduced on both the CD103-positive and negative population of TGF-β-expanded Vδ2 T cells, albeit slightly more pronounced on the CD103-positive cells ( Figure 4B ). In line with the observed abrogation of spontaneous cytotoxicity ( Figure 1C) , the ALK-inhibitor SB431542, also counteracted the TGF-β-dependent modulation of adhesion molecules on Vδ2 T cells, with the most pronounced effects on CD54, CD103 and CD106 (Supp. Figure 5 ). When Vδ2 T-cell lines, expanded for 12 days without TGF-β, were treated with TGFβ for three more days, the early cytotoxicity (after 4 h) against Panc89 cells was decreased, irrespective of BrHPP-restimulation. After 48 h of co-culture without BrHPP-restimulation the Vδ2 [IL-2 + 3d_TGF-β] T-cell line had a stronger negative Figure 6A ).
On these short term (3 days) TGF-β-treated Vδ2 T-cell lines, CD56 was slightly down-modulated and CD103 was only very faintly induced (Supp. Figure 6B) . These effects were both much less pronounced compared to Vδ2 T-cell lines in which TGF-β was present for the full period of expansion.
The functional relevance of TGF-β-induced CD103 expression on the Vδ2 T-cell lines for cytotoxicity was analyzed using tumor cell lines with differential expression of the CD103 ligand E-cadherin. According to the literature MCF7and Panc1 cells are supposed to be positive and MiaPaCa2 cells negative for E-cadherin surface expression, 22 whereas no reported information was available for Panc89 cells. We found E-cadherin to be present on the surface of MCF7-and Panc89 cells, but only weakly expressed on MiaPaCa2-and Panc1 cells. CD54 (ICAM-1) was found on MCF7-, Panc1-and Panc89 cells, but was absent on MiaPaCa2 cells ( Figure 5A ). When the CD103 interaction was inhibited by a blocking antibody (according to ref. 23 ) the cytotoxic activity of the BrHPP-restimulated Vδ2 [TGF-β + IL-15] T-cell line was significantly decreased in co-culture with MCF7-and Panc89 cells at early time points. In co-culture with Panc1 cells, which only express E-cadherin on some cells, the cytotoxicity was slightly decreased. CD103-blockade reduced the cytotoxicity in the absence of BrHPP-restimulation only in co-culture with MCF7 cells ( Figure 5B ). The combination of anti-CD11a and anti-CD103 resulted in a synergistic blocking effect (most striking shortly after effector cell addition; 4h), which was more pronounced than the cumulative effect of both single antibodies. Also, in the absence of BrHPP-restimulation the cytotoxicity was significantly reduced when both antibodies were used in combination ( Figure 5C ).
The functional analysis implied a role for CD103 in the cytolytic synapse formation of Vδ2 T cells. Therefore, we employed an image-based approach to analyze the CD103 surface expression and localization on Vδ2 [IL-2 low + IL-15 + TGF-β] T cells in co-culture with Panc89 cells. Optical inspection of acquired images revealed the presence of T cell/ target cell conjugates with a polarization of CD103 together with CD3 within the synapse, that is characterized by F-actin polymerization (detected by phalloidin) ( Figure 6A ). The quantitative analysis revealed that CD103-positive Vδ2 T cells, which constituted 44% of the total Vδ2 T cells or 41% of the unconjugated Vδ2 T cells, were enriched in monovalent conjugates with Panc89 cells (synapse; 57%). The proportion of CD103-positive cells in conjugates with Panc89 cells was not affected by BrHPP-stimulation ( Figure 6B ). Within the CD103-positive population the overall fluorescence intensity was not different between unconjugated and Panc89 cellbound Vδ2 T cells, indicating that the overall CD103 surface expression is not affected by synapse formation. However, in line with the observed clustering of the CD103 signal in the area of the synapse between Panc89-and Vδ2 T cells the CD103 bright detail intensity was higher in conjugated compared to non-conjugated T cells ( Figure 6C ).
As the imaging flow cytometry-based analysis revealed an enrichment of CD103-positive Vδ2 T cells within Panc89 tumor cell -Vδ2 T-cell conjugates, we asked if CD103 within the TGF-β-expanded Vδ2 T cells might discriminate populations with different functional properties. Therefore, the TGFβ-expanded Vδ2 T cells were magnetically sorted according to their CD103 surface expression after 12 days of expansion and three days before the functional analysis. Of note, the CD103 surface expression was stable for at least three days after the sorting (Supp. Figure 7A) . The CD103-positive population (either magnetically sorted or FACS-gated within Vδ2 [IL-15 + TGF-β] T cells) tended to display a slightly higher surface expression of CD27 and CD45RA, but did not clearly reveal a different memory phenotype (Supp. Figure 7B) . The synapse formation of CD103-positive Vδ2 T cells upon co-culture with tumor cells was further analyzed using a detachment assay as described by Netter et al. 21 In the absence of BrHPP, the Vδ2 [IL-15 + TGF-β] T-cell line and CD103positive population formed more stable conjugates compared to Vδ2 [IL-15] T cells and the CD103-negative population. In the presence of BrHPP, the conjugates generally were more stable, whereby again conjugates formed by Vδ2 [IL-15 + TGF-β] T cells and the CD103-positve population displayed the highest stability ( Figure 7A ).
Interestingly, we found a significantly higher CD107a surface mobilization on the CD103-negative population compared to the CD103-positive population, when cells were restimulated with BrHPP in the absence or presence of Panc89 cells. In the magnetically separated populations this discrepancy was more pronounced than in the FACS-gated populations. The magnetically separated CD103-positive population responded to BrHPP-restimulation with a remarkably low CD107a surface mobilization ( Figure 7B) . Similar to what we found before (Figure 2) , the CD107a surface mobilization did not correlate with cytotoxic activity. In the absence of BrHPP-restimulation the cytotoxic activity as measured by RTCA was significantly higher in the magnetically sorted CD103-positive population compared to total Vδ2 [TGF-β + IL-15] T cells and the CD103-negative population, which displayed the lowest cytotoxic activity. Upon BrHPPrestimulation, differences in the cytotoxic activity were less pronounced, even though the general tendency remained the same and was significantly higher in the CD103-positive population at the effector/target ratio of 12.5:1 ( Figure 7C ).
Discussion
TGF-β is regarded as a major immunosuppressive factor in the tumor microenvironment where it is produced in large amounts by tumor cells 24 as well as by tumor-associated fibroblasts, macrophages and regulatory T cells (Treg). 25 TGF-β is also a key factor for the induction of immunosuppressive γδ T cells.- 15, 26 Nonetheless, in the present study we demonstrate that TGFβ can also enhance the cytotoxic activity of human γδ T cells. We previously reported that TGF-β-expanded Vδ2 T cells also produce high amounts of IL-9, 17 but this is most likely not the reason for the enhanced cytotoxicity observed in our present study, since neutralizing anti-IL-9 antibodies did not affect the cytotoxic activity. Miao et al. described a direct cytotoxic effect of IL-9 (produced by Th9 T cells) on squamous cancer cells 27 and Nalleweg et al. reported that IL-9 counteracted the proliferation of an epithelial tumor cell line. 28 However, most other studies reporting a beneficial effect of IL-9-producing T cells on antitumor immunity were in vivo studies, in which IL-9 indirectly affected anti-tumor immunity. In mouse models, IL-9 has been shown to inhibit melanoma growth by influencing mast cells 19 and to enhance the CCL20-production in lung metastases leading to recruitment of dendritic cells (DC), which in turn promoted the expansion of tumor specific CD8 + cytotoxic T cells. 18 Due to their extended life span, IL-9-producing cytotoxic CD8 + T cells were superior effector cells. Upon adoptive transfer, they counteracted melanoma growth more effectively than conventional CD8 + T cells, yet expressed less cytotoxic effector molecules such as perforin and granzyme B and displayed reduced cytotoxic activity in vitro. 29, 30 In our hands, TGF-β-expanded IL-9-producing Vδ2 T cells did not show reduced granzyme B or perforin production, but instead displayed enhanced cytotoxic activity, which in part was mediated by the enhanced IFN-γ- production. Thus, although IL-9 did not have a direct effect on cytotoxicity in vitro, IL-9 produced by adoptively transferred Vδ2 T cells might still very well be beneficial for anti-tumor immunity in vivo. Furthermore, the high amounts of FasL mobilized by TGF-β-expanded Vδ2 T cells might generally also contribute to their enhanced cytotoxic potential. This, however, does not apply to the currently used PDAC tumor cells since most PDAC including Panc89 cells are known to be resistant to Fas/CD95-induced apoptosis. 31 Cell surface expression of certain chemokine receptors and cell adhesion/interaction molecules was strikingly modulated on TGF-β-expanded Vδ2 T cells. Among the analyzed chemokine receptors, CCR4 was most prominently up-regulated. CCR4 is important for skin homing of immune cells, but it has been also demonstrated that the CCR4 ligand CCL22 is produced by tumor cells in murine pancreas carcinoma models. As a consequence, CCR4-expressing antigen-specific T cells infiltrated into the PDAC tumor and reduced the tumor burden more efficiently than control T cells expressing a non-functional CCR4. 32 With respect to the cell adhesion molecule profile we observed a characteristic up-regulation of CD54, CD103 and CD106 on the TGF-β expanded Vδ2 T cells, whereas CD56 and LFA-1 were down-modulated. The induction of CD103 seems to be a general mechanism employed by different T-cell subsets in response to TGF-β exposure. Le Floc´h et al. found a TGF-β-induced CD103 surface expression on a CD8 + T-cell clone (isolated from human PBMC). 23 In naïve (CD4 + CD62L + ) murine CD4 + T cells differentiated under Th9 conditions, Jabeen et al. found a similar up-regulation of ITGAE (CD103) gene expression, which was more pronounced than in Treg. 33 Schwartzkopff et al. described that the TGF-β-dependent induction of CD103 on both murine and human CD8 + T cells was accompanied by down-modulation of KLRG1, 34 which we also observed in the present and a previous study. 17 Similarly, the TGF-β dependent down-modulation of NKG2D and upregulation of NKG2A observed by us for Vδ2 T cells has been described before in CD8 + T cells 35 and NK cells 36 . Even though NKG2A is a negative regulator of T-cell activation, it was used before to characterize a population within NK cells with superior cytotoxic activity against autologous EBV + B cells. 37 In line, the CD103-positive population within TGF-βexpanded Vδ2 T cells, on which the NKG2A up-regulation was most pronounced, displayed the highest cytotoxic activity.
The induction of CD103 surface expression might be a way to guide ex vivo generated effector (γδ) T cells into the proximity of the tumor, since CD103 is of particular significance for the infiltration into the tumor and for the tumor cell-specific cytotoxicity of T cells. E-cadherin, the ligand for CD103, is typically expressed on epithelial cells and on differentiated (pancreas) tumor cells of epithelial origin. Furthermore, CD103 has been demonstrated to be directly involved in the recruitment of CD8 + T cells into epithelial tumors. 38 Elevated numbers of CD103 + TIL in non-small cell lung carcinoma as well as in ovarian cancer have been correlated with an increased survival. 39, 40 Interestingly, the accumulation of CD103 + T cells (including CD8 + γδ T cells) has been reported for the fibrous stroma of PDAC. 41 In a previous study, it was found that only the combination of CD3-stimulation and TGF-β induced CD103 on the surface of a CD8 + T-cell clone and thereby increased cytotoxicity against an autologous non-small cell lung carcinoma cell line. 23 In line, the short-term treatment of Vδ2 T-cell lines (generated in the absence of TGF-β) with TGF-β alone did neither increase CD103 surface expression nor enhance their immediate cytotoxic activity. The cytotoxicity of TGF-β-expanded CD103-positive Vδ2 T cells was partially blocked by anti-CD103 antibodies in co-culture with E-cadherin-expressing tumor cells (MCF7, Panc89). This only partial abrogation of cytotoxicity after CD103-blocking is consistent with results from Franciszkiewicz et al. who demonstrated that both CD11a/CD18 (LFA-1) and CD103 contribute to the formation of the cytolytic immunological synapse in (human) CD8 + T-cell clones. 42 We also found a functional redundancy between LFA-1 and CD103, which both were clearly expressed on TGF-β-expanded Vδ2 T cells. Since all E-cadherin-expressing tumor cell lines used in the present study also express CD54 (ICAM-1), only the combined blockade of both CD11a/CD18 (LFA-1) and CD103 resulted in a strong reduction of the Vδ2 T-cell cytotoxicity against tumor cells. During epithelialmesenchymal transition (EMT) in tumor development, a loss/ downregulation of epithelial markers occurs. 43 In turn, CD54 (ICAM-1), albeit absent on normal pancreatic epithelia, is often expressed on pancreatic tumor cells. 44 Therefore, the reciprocal significance of CD103 and LFA-1 is particularly important in the context of PDAC.
Furthermore, we demonstrated that CD103 is recruited into the cytolytic immune synapse formed between Vδ2 T cells and tumor cells, a phenomenon which has been observed before for CD8 + T cells. CD103 on a (human) CD8 + T-cell clone was shown to interact with E-cadherin on autologous non-small cell lung carcinoma target cells (E-cadherin + ICAM-1 − ) and to mediate cytotoxicity by the induction of directed degranulation of IFN-γ and granzyme B. Nonetheless, for the formation of conjugates this interaction was reported to be insignificant. 23, 42 In contrast, we found that CD103 + Vδ2 T cells established a cytolytic synapse with tumor cells more frequently, exerted superior cytotoxic activity and formed cytolytic synapses, which were more stable over time compared with CD103 − Vδ2 T cells.
Taken together, due to the high cytotoxic activity of CD103positive effector cells and their potent IL-9-production, TGF-βexpanded Vδ2 T cells might represent a promising cell population for adoptive transfer as a treatment modality for certain solid cancers. It can be expected that CD103-expressing Vδ2 T cells more effectively target solid cancer in tissues, where the functional redundancy of CD11a and CD103 would allow for the interaction with tumor entities positive for different adhesion molecules (i.e., ICAM-1 and E-cadherin). 
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